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The field occurrence and petrology of an
ultrabasic body is described in detail, and
observations on the associated metamorphic
country rocks and later intrusives are recorded.

The ultrabasic body consists almost entirely of
massive bronzite peridotite which has, however,
been completely serpentinized in places. Sec-
ondary hornblende occurs throughout the body
and is particularly abundant near the margins.

The bronzite peridotite has intruded the
gneiss, quartzite and basic granulites of the
Jimperding “Series”. Although definite trans-
gressive contacts occur in the southern part of
the area mapped, the ultrabasic mass is gener-
ally conformable with the surrounding country
rocks.

The intrusion occurred after the main period
of regional folding, and at a metamorphic grade
probably equivalent to lower amphibolite facies.
It resulted in the distortion of the adjacent
quartzite, together with flowage and recrystal-
lization of some of the gneisses and basic gran-
ulites. The ultrabasic mass was apparently
serpentinized by autometasomatism soon after
emplacement; all of the serpentine which had
formed at this stage has recrystallized to anti-
gorite. Pegmatite dykes cutting the ultrabasic
body have produced talc, anthophyllite and
clinochlore by silicificatlon of the bronzite
peridotite. The secondary hornblende probably
also formed during pegmatization.

Transgressive dolerite has caused minor hydro-
thermal alteration of the tiltrabaslc mass and a
suite of rodingites has resulted from the meta-
somatism of bronzite peridotite and serpentine
by lime and alumina from the dolerite.

Introduction

The bronzite peridotite mass is about four
miles north-east of Toodyay at Nunyle (longi-
tude lie^sr E, latitude 31°31' S). Toodyay is 53
miles by road and 65 miles by rail north-east of
Perth. The main road from Toodyay to Goo-
malling passes a quarter of a mile to the south of
the area studied (see Figure 1).

The aim of this investigation was to examine
the relationship of the bronzite peridotite mass
to the surrounding metamorphic rocks, and to
study the petrology cf the ultrabasic rocks.

An area 3,400 feet from north to south and
2,000 feet from east to west was mapped in
detail. All locations cited in the text are re-
ferred to the south-west corner of the area.
Using a six figure group, in which the first three
figures are “tens of feet” east, and the last
three figures are “tens of feet” north, any point
within the area mapped can be specified to
within ten feet. One hundred and thirteen
specimens were collected and examined. A de-
tailed account of the petrography of these rocks
is available in manuscript form at the Depart-
ment of Geology of the University of Western

* Formerly, Department of Geology, University of West-
ern Australia. Nedlands, Western Australia. Now
c/o Falconbridge Nickel Mines, Onaping, Ontario.
Canada.

Australia. Specimen numbers cited in the text
are those of specimens held in the collection
of that department.

Previous Geological Investigations

Before the present study, almost all of the
geological work in the Toodyay district had been
confined to the south-west of the Avon River.
The name “Jimperding Series” was proposed by
Clarke (1930, p. 167) and a detailed petrological
examination of the Jimperding “Series” in the
Toodyay district was made by Prider (1944).
According to Prider (1944, p. 84): “This series
comprises pelitic and psammitic metasediments
with intercalated basic and acid igneous bands.
A study of the pelitic members shows that over
the whole area mapped the rocks lie within the
sillimanite zone.” Farther south, sections of the
“series” have been examined in detail at Lawns-
wood (McWhae 1948) and Hamersley Siding
(Johnstone 1952)

.

Prider (1941) recognized a conformable se-
quence of Precambrian metamorphic rocks.
These represent a variety of sediments with

Fig. 1. —Locality map showing south-western Western
Australia. Nunyle and the Avon River Valley between

Toodyay and York.
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interbedded basic igneous rocks, which may have
been sills or flows of tholeiitic character. Two
periods of granite emplacement were postulated,

with the intrusion of rare ultrabasic dykes both
before and after these. Later the rocks were in-

truded by quartz dolerite.

The rocks at Nunyle, into which the bronzite

peridotite was intruded, are a part of the Jim-
perding “Series". The basic granulites and the

quartzite show similarities both in texture and
mineralogy to rocks from parts of the “series"

which lie to the south-west.

Physiography and General Geology

The Jimperding “Series" which has been
briefly described in the introduction, strikes

generally north-south at Nunyle. and the rocks

have a moderate to steep easterly dip. The
country rocks consist of gneiss and quartzite

with interbanded basic granulites. The locus of

intrusion of the bronzite peridotite is the lower

contact of the quartzite and the gneiss and the

bronzite peridotite crops out on the immediate
west of the quartzite. The contact of the bronz-

ite peridotite and the quartzite is characterised

by Hakea preissii. which usually grows as

rounded bushes about fifteen feet high.

Laterite which is characteristic of much of

the surrounding country, does not occur in the

area mapped; however, iron stains and quartzite

fragments cemented with limonite are common
on the higher features and the gneiss and doler-

ite in the uplands are kaolinized and leached. It

appears that these rocks were in the zone of

leaching directly below the laterite, which once
covered the whole district at about 950 feet

above sea level.

Only skeletal soils are developed and these are

commonly colluvial containing fragments of

quartzite and other rock types, which have come
down the hill slopes. Alluvium is common in

the valleys, but as solid bronzite peridotite crops

out in the creek bed at 020011 'approximately
the local base level), it is thought that the al-

luvium seldom exceeds 10 feet in thickness.

The area lies in the 21" rainfall belt and most
of the rain falls between May and August. The
Toodyay district is an undulating plateau at

about 1,000 feet above sea level, which has been
dissected to a maximum depth of about 600 feet

by the Avon River drainage system. The area
mapped has an elevation of between 680 feet

and 970 feet above sea level. Here the streams
are young, cascades are common and solid out-

crops occur frequently in the creek beds.

The ground water is unusual in that on the

hillsides it is saline whereas the springs in the
valleys provide excellent drinking water. Many
of the creeks in the district are located along
fault or shear zones, as evidenced by epidote-

filled shears and epidote impregnations in the
rocks in the creek beds. These creeks are

typically straight and have numerous springs
and seepages along their courses. The creeks

from 200095 to 180048 and 130012 to 000010
are of this type. The creek from 086279 to

000230 hsr, none of the characteristics outlined

above and its course is probably controlled by
the quartzite. The river gum (Eucalyptus rudisi

grows alongside the larger watercourses.

Quartzite crops out strongly forming the most
prominent physiographic features in the area.
In the creeks on the other hand, exposures of
quartzite are rare, indicating that the water-
courses tend to pass through any natural gaps
in the quartzite rather than to cut down through
it. The holly-leafed dryandra, Dryandra fiori-

bunda, and w'hite gum. Eucalyptus redunca, are
the typical vegetation on the quartzite hills.

A shear, which has caused local shattering
and distortion of the quartzite, has weathered
at 100120 to form a remarkable topographic
break. Projection along the line of this shear
to the south-west shows that it is parallel to
the platy flow of the bronzite peridotite out-
crops on the immediate north. To the north-
east there is no apparent dislocation of the gneiss
and the break does not conform with the re-
gional structure. It is related in time and space
to the intrusion of the ultrabasic body into a
semi-rigid quartzite, and represents distortion of
the quartzite during the intrusion of the bronzite
peridotite.

Outcrops of gneiss generally occur on the
lower hill slopes and in the valleys. Aerial
photographs indicate that the gneisses overlying
and underlying the ultrabasic body have straight
parallel trends, whereas the quartzite (which im-
mediately overlies the ultrabasic body) has a

highly variable strike and dip. Examination on
the ground shows that there is far more distor-
tion of the rocks in contact with the ultrabasic
body than in those a few hundred feet strati-

graphically above or below it. The gneiss ap-
pears to have flowed into the quartzite and filled

openings which occurred during the intrusion of
the bronzite peridotite. Shallow valleys at 120300
and 120160 are considered to have resulted from
differential w'eathering of such intrusive gneiss.

York gum. Eucalyptus loxophleba and jam.
Acacia acuinmata, are characteristic of the richer
soils in the area and generally grow over basic
granulites or bronzite peridotite. Where these
species grow on quartzite talus, the talus prob-
ably overlies basic or ultrabasic rocks,

The bronzite peridotite usually crops out on
the hill slopes below the escarpment of the
quartzite, in the form of numerous boulders up
to about three feet in diameter. In some places,
however, the outcrop is in the form of large
blocks, which are in situ, and are as much as
twenty feet in diameter (see Figure 2». Such an
outcrop occurs at 048125. The tunnels and
crevices under the blocks have been used by
small animals, such as foxes, and where these
animals have rubbed against the rocks, the sur-
faces are smooth and polished.

Tho Ultrabasic Body
Introductory Statemeyit

The ultrabasic body is made up dominantly of
bronzite peridotite, with variations from rela-
tively pure serpentinite to pyroxenites which
may have little olivine or antigorite.

It is overlain apparently conformably, by
quartzite to the east and north, and is under-
lain by gneisses to the south and west. Definite
transgressive contacts have been established be-
tween it and the gneisses to the south. Out-
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Fig. 2.—The south-western aspect of “Black Rocks", a large outcrop of hronzite perldotite at 048125.

crop in the central and eastern portion of the

area is good, but much of the south-western cor-

ner is covered by colluvial soils derived from
dolerite, quartzite, ultrabasic material and some-
times gneiss. In 1950 a new road was con-

structed from 000140 to 050230 and the ditch

on its south-east side exposes gneisses and quart-

zite which apparently occur in the centre of

the ultrabasic body. The ultrabasic material, in

turn, cuts through the gneiss and quartzite in

narrow dykes of the order of a few feet wide.

Thus the general form of the body appears to

be two distinct lenses lying parallel to the strike

of the country rocks, connected by a series of

narrow dykes.

Planar structures are developed throughout

the body: these are considered to be platy flow-

structures and mapping has shown that they

tend to be parallel to the contacts of the body.

The only mineralogical trend observable in

the field is the enrichment in amphibole to-

wards the margin of the body.

No lineations have been recognized in the

ultrabasic rocks. The pyroxene niay be oriented,

but in view of the coarse grain size, it has been
Impractical to test this. Certain rock slices give

pyroxene cross sections with similar orienta-

tions, but as most slices only show three, four

or at the most twelve cross sections of pyroxene,

study by the normal statistical methods is pre-

cluded.

Petrogravhy

A bronzite peridotite and a hornblendic bron-

zitite have been chosen for description as they
portray the typical occurrence and interrelations

of minerals throughout about 80 per cent, of the

intrusive mass. Tw'o serpentinites indicate the

character of the remainder of the mass. It has
not been possible in mapping to separate bron-

zite peridotites and serpentinites. Also described
are veins having their origin within the ultra-
basic body, altered rocks associated with the
pegmatite dykes, alteration associated with the
quartz dolerite dyke and a small group of rocks
thought to be xenoliths.

Bronzite peridotite .—Specimen 39725 was
collected from 007032 about two hundred feet

from the southern contact of the ultrabasic body
with the gneisses. The outcrop consists of num-
erous boulders mostly in situ. In hand-specimen
it has a general dark green colour, with pale
grey patches (about 10 mmin diameter > mak-
ing up about 40 per cent, of the rock. It is

massive and porphyritic, with hard porphyro-
blasts in a softer, serpentinous, fine-grained
groundmass. Small flakes of chlorite are dis-
seminated throughout the rock.

In thin section the texture is pseudoporphy-
ritic. Large pyroxene porphyroblasts * have in-
clusions of olivine, some of which are euhedral.
No crystal faces are developed on the pyroxene.
The following minerals are present: Antigorite
(approx. 45%), very fine-grained fibrous or
laminated mineral, occurring as pseudomorphs
after olivine giving a characteristic mesh tex-
ture of “grains” 0.2 mm in diameter. There
is a strong tendency for it to be oriented with X
and Z lying in the same directions throughout
the whole slide. Fine inclusions of magnetite
dust occur everywhere within it and particularly
along the contacts of “grains” pseudomorphous
after olivine. Alteration is to clinochlore by re-

action with spinel. Bronzite (approx. 33%).
rather irregular grains, from 1 to 5 mm in

diameter, with abundant inclusions of anhedral.
sieve-textured olivine averaging 0.5 mm in

* The term porphyroblast is used here to describe
prominent crystals which have grown in a solid or
crystalline medium.
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ciiameter, and also of rounded grains of spinel
and magnetite 0.1 mmin diameter. Olivine (ap-
prox. 16%^. occurs mainly as sieve-textured in-
clusions in bronzite 0.5 mmin diameter, and as
relics 0.1 mm in diameter in mesh-textured
antigorite marginal to bronzite. Some of the
grains included in the bronzite show develop-
ment of the 010, 001 and 021 faces, but such
euhedral grains, though significant, are excep-
tional. Alteration is to antigorite and magnetite
dust, or to hornblende. Hornblende (approx. 3% t

.

rare prisms up to 0.5 mmlong or pseudomorphs
after olivine. Spinel (approx. 2%K dark yel-
lowish green 5 GY 5/4t rounded grains (0.1 mm
in diameter), included in bronzite. Alteration
is to magnetite and isotropic, fine-grained
chlorite, by reaction with antigorite. No spinel
remains except where it is armoured with an-
other mineral against antigorite: reaction rims
are not well developed in this specimen. Clvio-
chlore (trace), books up to 0.05 mmby 0.3 mm
associated with magnetite. These associated
laminae cut across the mesh texture and exert
their form strongly.

The relationship of the olivine and bronzite
in this specimen is most significant. The tex-
tures that may be produced from bronzite with
abundant poikilitically included olivine will be
discussed later.

Hornblendic bronzitite. —Specimen 39739 was
collected from 084268 where the outcrop con-
sists of scattered boulders. The rock appears
to consist of normal bronzite peridotite (with
the typical rough weathered surface) in which
are ellipsoidal blebs of material about 9 in. by
4 in. by 6 in. which weather to a smooth sur-
face. These blebs are outlined by a weathered
groove, about ^ in. deep and in hand specimen
they are uniform grey and of even hardness.
Numerous grains of amphibole averaging about
1 mmlong compose about 50% of the blebs.

In thin section the texture is poikilitic. Large
masses of bronzite enclose numerous hornblende
prisms, which in ouantity exceed the host crys-
tal. Bronzite (approx. 4:0%), forms oikocrysts
up to 5 mmin diameter, which are cut by small
veins of antigorite and chrysotile. Alteration is

to chrysotile. Olivine (trace), occurs only as
rare relics in mesh-textured antigorite inter-
granular with respect to bronzite. Hornblende
(approx. 52%), occurs as euhedral. subhedral or
anhedral prisms included in bronzite and is

commonly traversed by chrysotile veins.

This specimen is notable in several
respects:

—

(a) The absence of spinel and clinochlore
both of which are found almost universally
throughout the ultrabasic body. Possibly both
of these minerals were in the rock, but they have
now been altered and their components used
to form hornblende, 'b) The absence of olivine

included in the bronzite. Conditions appear to

have been particularly favourable for the
formation of hornblende, and included olivine

would have been converted to hornblende,
(c) The predominance of hornblende inclusions
and the general texture. There is a textural

. Colo\irs of minerals given are from the colour stand-
ards of - the Roek-Colour Chart prepared by the
National Research Council, Washington. D.C

similarity in thin-section between this rock
and specimen 39725, in which the bronzite
porphyroblasts have abundant inclusions of
sieve-textured and euhedral olivine.

Serpentinite. —Specimen 39751 was collected
from 040120, which is 50 feet south-east of Black
Rocks. The outcrop consists of scattered
boulders, with smooth weathered surfaces. In
hand specimen the rock is greyish green, uni-
formly soft and has an uneven fracture.

In thin section the specimen has a fine-
grained feathery texture with some recognizable
mesh-texture Areas up to 3 mmacross contain
reticulate, or knitted-textured masses of anti-
gorite. Antigorite (approx. 90%), occurs as
feathery groundmass. in reticulate areas, and
as anhedral “grains” up to 0.8 mmin diameter.
Much is recrystallized and oriented so that when
the nicols are crossed and the gypsum plate in-
serted. if the stage is rotated the field appears
alternately dominantly orange and blue. Mag-
netite (approx. 3%), is present as fine inclusions
up to 0.2 mmin antigorite. and as ragged grains
up to 1 mmin diameter associated with chlorite.
Chlorite occurs as laminae frequently associated
with magnetite grains or laminae. The charac-
teristic occurrence is in books 0.3 mmby 0.1
mm. Two varieties were recognized, clinochlore
(spprox. 3% ) and pennine (approx. 4%). The
variation between these two varieties is prob-
ably continuous. Clinochlore formed by the
reaction of antigorite with aluminous spinel, and
positive and negative Pennine resulted from a
reaction between relatively aluminous clinoch-
lore and antigorite.

This rock is a highly serpentinized bronzite
peridotite in which the original pseudoporphyri-
tic texture is preserved. The reticulate masses
of antigorite, 3 mmin diameter, represent earlier
porphyroblasts of bronzite.

Serpentinite. —Specimen 39734 was collected
at 048129, that is, on the immediate north of
Black Rocks from an outcrop of scattered
boulders. The hand specimen i.s a uniform, fine-
grained dark green rock with numerous minute
silvery chlorite flakes. Under the microscope
the rock appears to consist dominantly of anti-
gorite with the characteristic mesh texture, in
which are several partly serpentinized horn-
blende prisms and also a bronzite porphyroblast
altered to structureless serpentine. The chlorite
flakes are always associated with magnetite
laminae. This rock bears a striking resemblance
to specimen 15425 (collected from a dyke just
south of Toodyay) described by Prider (1944, p.
128) which was shown from analysis to be a
normal serpentinite.

Veins having their origin withm the ultrabasic
body. —A variety of veins have their origin
vdthin the ultrabasic rocks themselves. They
are easily distinguished in hand specimen as
they are normally subject to differential weather-
ing with respect to the enclosing rocks. In thin
section however, they have less distinct boun-
daries, being composed of altered or recrystal-
lized minerals on a planar or distorted planar
surface. The chrysotile veins are of particular
i.nterest for it is veins of this character which
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Fig. 3.—Polished specimen (x showing bronzite
crystals (pale grey) in a serpentinous groundmass (dark
grey). The left half of the specimen consists of normal
bronzite peridotite, in the centre-right is the pyroxene-
rich vein, to the right of this is the zone of intense
serpentlnization, and on the extreme right there is
normal bronzite peridotite. A magnetite-clinochlore
vein passes from the upper left of the specimen to the
lower right of the pyroxene-rich vein, but does not

stand out strongly in the photograph.

form the commercial deposits of chrysotile
asbestos elsewhere. Further, chrysotile veins
alone have produced noticeable dilation.

Pyroxene vein. —The only outcrop of this type
of vein may be seen on the northern vertical
surface of the cutcrop referred to as Black Rocks.
The vein has a relief of about 1". is about 2"

wide and crops out for a length of some 30 feet.
Specimen 39727 is 13" by 9" by 6", and one face
of it has been polished to reveal the relationship
of the vein to the enclosing bron:ite peridotite
(see Figure 3). The rock and the pyroxene vein
are both traversed by magnetite-clinochlore
veins.

Inter-relations of the minerals in the vein
are essentially the same as in the normal bron-
zite peridotite. Large bronzite porphyroblasts
comprise about 66% of the vein: olivine in-
cluded in the pyroxene and adjacent to the
pyroxene has been partly preserved from ser-
pentinization. On one side there is a zone of
intense serpentlnization. The only feature
fundamentally distinguishing the vein from the
enclosing rocks is the high proportion of bronz-
ite.

Magnetite-clinochlore veins. —These are pre-
sent in specimen 39727 and are relatively abun-
dant throughout the rest of the ultrabasic body.
As seen in thin section they consist cf strings
of roughly equidimensional composite grains
(averaging 0.2 mmin diameter), which are com-
posed of alternating lamellae of clinochlore and
magnetite. They may transgress bronzite
crystals in which case the bronzite immediately
adjacent to the vein is altered to clinochloi-e.

Magnetite-antigorite veins. —These veins are
characteristically weathered to a depth of up to
4 mmdeeper than the surrounding locks, giving

an entrenched appearance. Under the micro-
scope they appear as numerous strings and
groups of magnetite granules and occasional
composite magnetite-clinochlore grains in a
serpentinous material. Examination under high
power magnification shows that some of the
magnstite consists of dust (0.001 mm in
diameter) surrounding antigorite “grains", which
are approximately 0.02 mmin diameter. The
antigorite is oriented with X normal to the plane
of the vein. The veins themselves are traversed
by gamma chrysotile veins.

Eremite peridotite breccia. —Specimen 39754
was collected at 057290. The zone of brecciation
is not more than a few feet wide, and in it the
bronzite peridotite is broken into angular frag-
ments averaging 40 cm in diameter. The
groundmass is composed of antigorite and mag-
netite with numerous fine striae parallel to the
margins of the fragments. The antigorite is

either in large crystals or else in parallel-oriented
small crystals since areas up to 4 mmin diameter
show essentially the same optical orientation.
This brecciation appears to be a late-stage effect
due to adjustments within the ultrabasic :mas 3
after its consolidation.

Chrysotile veins. —These are typical cross-fibre
chrysotile veins and occur in two varieties. The
oldest is characteristic of the more highly ser-
pentinized rocks and forms swarms of intric-
ately distorted thin lenses averaging 0.02 mm
in thickness. This variety appears to be more
recent than any antigorite-bearing veins or
antigorite in the groundmass of the bronzite
peridotite. These irregular thin veins are in
turn cut by young regular chryseti'e veins which
are of uniform sheet-like form from 0.1 mmto
1.0 mmin thickness. These later veins exhibit
only miner distortion.

Fig. 4.—Zoned chrysotile vein cutting serpentinite.
Crocsed nicols. x 15.
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Alter'ed rocks associated with the pegmatite
dykes. —The ultrabasic mass has been intruded
by several small pegmatite dykes and addition of
material has caused considerable local alteration.

At 110010 on the south bank of the creek,

some tens of feet from a pegmatite dyke, bronz-
ite has been altered and replaced by a fine-

grained felted mass of hornblende <25%), clino-

chlore (80S ). talc (35%), anthophyllite (10%)
and magnetite (trace). The original ground-
mass, presumably antigorite. has been mainly
replaced by hornblende, which is medium-
gi'ained and comprises about 90 'v; of the present
groundmass. Thus the pseudoporphyritic tex-
ture is preserved even though the mineralogy
has been almost entirely changed.

Xenoliths of ultrabasic material included in the
pegmatite dykes have been very extensively alter-

ed, and all former textures destroyed. The aniphi-
boles. however, are still those of the ultrabasic
body. A typical xenolith is 8 in. in diameter and
has a core composed entirely of pure coarse-
grained hornblende: clinochlore, magnetite,
spinel and the serpentine minerals are conspicu-
ous by their absence. Surrounding this core is

a rock in which hornblende is still dominant but
chlorite, vermiculite or chlorite-vermiculite mix-
tures comprise about 30% of the rock. Talc or
anthophyllite may be present. The outer shell of
the xenolith is either chlorite or vermiculite schist
one or two inches thick and is very friable. In
one specimen examined alteration had proceeded
to a stage at which hornblende had been corroded
and replaced by oligoclase. The resulting rock is

composed 60% of hornblende, 30% of oligoclase
* Allis —An;i7), and 1% of quartz.

Talc bodies are found in the vicinity of the
pegmatite dykes. These have a core of talc of
variable thickness and are separated from the
bronzite peridotite by a sheath of anthophyllite
needles of the order of 4 cm long, oriented with
their c axes normal to the contact. Anthophyl-
lite may also occur in the core as feathery
masses but is always heavily corroded by talc,
which is either pseudomorphous after antho-
phyllite 01 ' in irregular masses. Interleaved
with the anthophyllite needles are rare flakes
of vermiculite and Pennine (cf. specimen 39765).

One of the talc bodies had a core consisting
cf about 80% of talc with corroded inclusions
of chlorite (diabantite) up to 1 mmin diameter,
anthophyllite and hornblende being present in
trace quantities.

Anthophyllite and talc are the products of
progressive siliciflcation; chlorite has resulted
from alteration in an environment rich in water
but deficient in silica, but subsequent addition
of silica has led to steatitization of the chlorite.

Alteration associated loith the quartz dolerite
dyke.—

A

quartz dolerite dyke about 150 feet
wide has been intruded across the south-western
part of the area studied. Near this dyke
bronzite has been extensively altered to talc,
hornblende and anthophyllite. This alteration
stai'ted along cracks and cleavages and worked
outwards converting adjacent bronzite to amphi-
bole. Antigorite is present in the normal

ouantities but occurs as a feathery groundmass
with associated Pennine and magnetite. Dis-
tinct mesh texture is not developed.

At 036014 the bronzite peridotite has been
completely altered to a very fine-grained mass
of intricately intergrown clinochlore and talc.
No amphiboles are present at this locality.

Xenoliths in the ultrabasic body. —In certain
areas there are patches of mixed float of bronzite
peridotite and amphibole schist. These amphi-
bole schists are thought to be xenoliths, as their
general appearance is different from either the
country rocks or the ultrabasic rocks. Three
.specimens which are essentially quartz-tremo-
lite schists have been examined in detail. The
texture varies from schistose to granoblastic with
poor platy orientation and there may be a poor
or a strong linear orientation. The colour is
pale green but may be reddish due to oxidation.
Tremolite (9%, -100%. ' occurs as subhedral
prisms with lamellar twinning parallel to 001.

1.630 — 1.648, apatite and monazite are
common inclusions, alteration is to talc. Quartz
(trace —90%) forms equant to elongate grains
with inclusions of apatite, monazite and more
rarely rutile.

The tremolite is similar to the amphiboles of
the ultrabasic body and quite unlike the horn-
blendes of the basic granulites in the country
recks. As all the outcrop is in the form of float
it has not been possible to correlate the linea-
tions with any structure elsewhere. These rocks
have a mineralogical affinity with the ultrabasic
rocks but have different textures, the accessory
minerals apatite, monazite and rutile, and occur
only within the boundaries of the ultrabasic
body.

Mineralogy

Olivine varies from forsterite to chrysolite.
Originally this mineral probably constituted over
95%r- of the “magma”, but now. due to sili-

eifleation and serpentinization, it is uncommon
to find rocks with more than 5% of olivine.

d ranges from 1.663 to 1.674 indicating a varia-
tion in composition from Fa.7 to Fa. 12 (Polder-
vaart 1950 >. Spinel is a rare inclusion. Where
the inter-relations can be seen, olivine is idio-

morphic towards pyroxene, though it is usually
embayed until only sieve-textured relics remain.
Bronzite, hornblende and chry.sotile have evi-

dently all formed from olivine under appropriate
conditions, but usually chrysotile appears to have
recrystallized to antigorite.

The only pyroxene encountered is bronzite.

No 010 sections of clino-pyroxene have been
seen, nor have any sections perpendicular to the
optic axes given figures similar to those of

clinoyproxene. Nevertheless clinopyroxene pre-
sent in small amounts would be difficult to

detect unless the grains were favourably
oriented.

Bronzite occurs throughout the ultrabasic

body except where it has been serpentinized or

inetasomatized to produce hornblende or talc

and anthophyllite. Even where complete ser-
pentinization has occurred, structureless ser-
pentine pseudomorphs, or knitted-texture anti-
gorite pseudomorphs testify to the earlier

presence of pyroxene. Similarly where the rock
has been metasomatized, talc, or talc-

anthophyllite pseudomorphs after pyroxene
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clearly indicate its original presence. These
pseuaomorpns are equivalent in size to the fresh
pyroxenes and are also present in the same pro-
portions with respect to the groundmass, as the
pyroxenes are in the less altered rocks.
Measurement of 2V and 7 has shown that these
pyroxenes are aluminous (see Table I) and do
not conform with the composition —optical
property diagram of Poldervaart (1950). As
the percentage of ferrosilite is between 11 and
25, and the Mg:Pe ratio is between 9 and 2.33, all

these pyroxenes are bronzite. This nomen-
clature is in accordance with Poldervaart ( 1950

)

even though some of these pyroxenes contain
less than 70% of enstatite.

In thick sections the bronzite is pleochroic
with X colourless. Y pale pink and Z pale green.

The bronzite porphyroblasts are distinctive

not only in thin-section and hand specimen but
also in their persistence in shape and size in
replaced and altered parts of the ultrabasic
body. Their origin and relation to other
minerals is of interest. There are three im-
portant points in the inter-relations of olivine

and bronzite. First, the bronzite is never
euhedra! and never show.s any crystal faces;

second, the bronzite usually includes sieve-
textured or embayed olivine which was prob-
ably once euhedral (cf. specimen 39725); third,
the margins of the bronzite porphyroblasts are
commonly rich in olivine inclusions, in fact
some may be so well coated with olivine that
the serpentinous groundmass of the rock is only
rarely in contact with the pyroxene. The bron-
zite porphyroblasts are the result of introduc-
tion of silica into an aggregate of olivine

crystals. Thus, the porphyroblasts contain relic

granules of olivine cemented together by
bronzite formed by the silicification process;
the persistence of olivine depended upon the
availability of silica and the armouring effect of

the already-formed bronzite.

Svinel is found in all of the less-altered bron-
zite peridotites. Grains of ragged magnetite
associated with clinochlore in the serpentinites
testify to the earlier presence of spinel. The
stages —spinel, spinel with magnetite and fine-

grained chlorite reaction rims, spinel with mag-
netite-clinochlore reaction rims, and finally mag-
netite grains with clinochlore— clearly illustrate

the progressive “serpentinization" of these
grains. The normal amphibole, a near-tremo-
lite, is apparently undersaturated with respect

TABLE I

Estimation of the comvositioii of vyroxenes
f from the o^Hlcal data diagram of Winchell
and Winchell 1951. p. 406>.
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to A1'>0 :h. Regional metamorphism has led to

the absorption of magnetite and spinel by horn-
blende. Although the previous existence of
spinel in these rocks cannot be proved, it was
clearly present in the rest of the ultrabasic
body to the extent of 1 or 2 per cent.

The refractive index varies from 1.778 to 1.786.
As the grains are generally less than 0.2 mm
in diameter, no measurements of specific gravity
have been attempted. The variety is probably
ceylonite or pleonaste. The colour is close to
moderate yellowish green 10 GY 4/4. with vari-
ation in hue and absorption towards light olive
10 Y 5/4.

Regional metamorphism has caused the par-
tial recrystallization of the ultrabasic rocks to
produce hornblende. There is no primary horn-
blende. Near the contacts with the country rocks
it is abundant, but towards the centre of the
mass it is rarer, being of the order of 10% or
less. Hornblendites are developed adjacent to
the pegmatite at 109010.

The optical properties of the hornblende vary
over a well-defined range, viz: —

",
1.640-1.655

(mean 1.645); 2Vx 75"-90' (mean 85'^'); Z
c 17’ -21° (mean 18 ); d 0.017-0.022 (mean
0.019). These properties vary independently and
.so no generalizations can be made regarding the
trends or changes in the composition of the
hornblende. The composition is evidently near
to tremolite with Mg:Fe -- 85:15. In hand speci-
men the hornblende is dark green, but in thin
section it is almost colourless, except in some
rocks rich in hornblende. The strongest colour.s

recorded were X very pale yellowish green dO
GY 8/2), Y pale yellow-green (10 GY 7/2) and
Z pale green (5 G 7/2) with absorption X<Y Z.

In the centre of the body hornblende has
formed from olivine and pyroxene, but near the
margins and adjacent to pegmatite, the ser-
pentinous groundmass has sometimes recrystal-

lized to give hornblende. Where hornblende
occurs as an alteration product of olivine, both
iiicluded in bronzite and in mesh-textured anti-
gorite, this has produced interesting results in

the mesh texture: cores of olivine may be seen
surrounded by successive rims of antigorite,

hornblende and antigorite. The sequence was
evidently partial serpentinization of olivine, then
alteration of the outer part of the remaining
olivine to hornblende, followed by I'enswed ser-
pentinization of the olivine.

Three distinct serpentine minerals are recog-
nized. a and 7 chrysotiie and antigorite. Alpha
chrysotile is characterized by negative elonga-
tion (Tertsch 1921, p. 188) and (Nagy
and Faust 1956, p. 821). It occurs in fresh
mesh texture particularly where there are olivine

relics. Gammachrysotile has positive elongation.
/-j:^1.560 and is found in fresh mesh textures
and also in late veins.

Antigorite is present in four textural forms,
the most interesting of which is the “oriented
mesh texture". Initially mesh texture was char-
acterized by e:.ch ‘’grain” containing radially
oriented chrysotile. When seen under crossed
nicols, insertion cf the gypsum plate gives the
field evenly balanced blue and orange inter-
ference colours in adjacent quadrants. Re-
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crystallization of the chrysotile to antigorite

aid not destroy the meshes but the previously

radial arrangement was replaced by a parallel

orientation. With the recrystallized antigorite.

insertion of the gypsum plate then gives the
field alternately blue and orange interference
colours on rotation. The orientation may be
dominantly parallel throughout the whole of
a thin section. The relationship of this
orientation to the regional tectonic axes has not
been determined, for it is not known yet whether
the orientation is parallel locally, or parallel
throughout the whole of the ultrabasic body.
This recrystallization may be related to the
regional metamorphism, as the regional meta-
morphism would affect the temperature and the
availability of the ions A1 and Fe Sug-
gested processes for the development of anti-
gorite from chrysotile were outlined by Nagy
(1953), and Wilkinson <1953, p. 315) noted that
in the alpine-type serpentinites of Queensland,
chrysotile has recrystallized to antigorite at a
grade equivalent to the albite-epidote facies.

Antigorite also occurs in patches of similar
dimensions to the pyroxene porphyroblasts.
These patches either have knitted-texUire.
which is similar to mesh texture, with the
exception that the meshes are of the order
of 0.02 mm in diameter, or else take the
form of anhedral structureless pseudomorphs
after pyroxene. In both cases the texture of the
original rock is usually preserved. Another mode
of occurrence is in veins, in which the anti-
gorite lamellae are disposed at right angles to
the plane of the vein. String,s of magnetite
grains are frequently arranged parallel to and
within these veins. Antigorite with this texture
is also found irregularly distributed separating
patches of undisturbed mesh texture. Re-
crystallization of chrysotile or antigorite with
minor contemporaneous movement, which has
partially destroyed the original mesh texture,
would give rise to such antigorite-magnetite
veins. The refractive index ^ 1.566-1.572
(mean 1.568). The birefringence was estimated
to be consistently about 0.003. which is rather
low for antigorite.

Magnetite is found in all the ultrabasic rocks
except the hornblendites. It is nearly always
a product of serpentinization either of olivine
or bronzite, or of the reaction of a serpentine
mineral with spinel. Magnetite does not occur
in hornblendites and is normally corroded in
rocks rich in hornblende. Inclusions in pyro-
xene may be primary magnetite, but these are
rare and will not be considered further. The
common association of chlorite with magnetite
is interesting for two reasons. First, the asso-
ciated minerals may have been formed by the
break-down of one previous mineral containing
the sesquioxides Fe^On and AI-Oa and second, the
chlorite only rarely contains more than 15 7.

of ferro-antigorite or daphnite.

Chlorite appears to be derived entirely from
the reaction of aluminous minerals with ser-

pentine. or as a result of the introduction of

alumina along vein,s into serpentinites. It is

common to all rocks containing serpentine and
most of those affected by hydrothermal activity.

The refractive index (j varies between 1.590
and 1.573; the birefringence is usually 0.006.
with buff polarization colours, but varies to give
vei-y low order anomalous blues; 2V is variable
being up to about +30° in some clinochlore.
Thus, the common chlorite is aluminous, i.e.

clinochlore. Silicification associated with either
talc or antigorite has led to the formation of
diabantite in specimen 39765 and probably
penninite in .specimen 39751 (Hey 1954. pp. 280-
284).

The development of clinochlore from serpen-
tine and spinel has been discussed previously: the
association of magnetite and clinochlore laminae
is described here. The associated laminae occur
both as discrete “grains" scattered through the
rock and also in well-defined veins such as those
in specimen 39727. The alumina necessary to
produce clinochlore was probably introduced
along fissures, where it reacted with the serpen-
tine to produce clinochlore plus magnetite. The
laminated form of the magnetite could be due to
either the crystalloblastic forces of the chlorite
which expelled iron ore parallel with the 001
face, or. the formation of a chlorite super-
saturated with iron, which was later deposited
by exsolution in laminae parallel to 001. The
clinochlore may have reacted later with anti-
gorite and given rise to the negative penninite
(low alumina), which is commonly interleaved
with clinochlore. A similar transition from
optically positive to optically negative chlorite
has been noted by Francis (1956. p. 213). The
associated laminae are always idioblastic to-
wards, and appear to be later than antigorite.

Chlorite was also formed by the hydrothermal
alteration of pyroxene and probably olivine,
which produced books frequently up to 2 cm in
diameter with very little magnetite. Continued
hydrothermal activity sometimes led to the
formation of talc. Alteration to talc involved
addition of silica and proceeded from embay-
ments, to sieve-textured inclusions of chlorite *in
talc, and ultimately probably to pure talc.
During this process the character of the chlorite
itself changed from the early aluminous clino-
chlore to the more siliceous diabantite.

Alteration of chlorite also gave rise to ver~
miculite locally. At 109010 there is a talc-
vermiculite-hornblende schist, and at 107010 an
equivalent rock consists of clinochlore and horn-
blende. Over a space of about twenty feet, on
one side the chlorite has all been altered to
vermiculite. while on the other side there are
only traces of alteration. Specimen 39765 shows
apparent equilibrium between talc and vermicu-
lite, both of which appear to have formed at the
expense of chlorite. Some vermiculite is idio-
blastic towards talc, but much of it is evidently
replaced, heavily embayed, chlorite.

The stage at which vermiculite formed is

obscure. The evidence in specimen 39765 could
indicate that some chlorite was being steatitized
and simultaneously other chlorite was being con-
verted to vermiculite, which was incapable of
being steatitized. Further, there is the difficulty
presented by almost adjacent rocks having fresh
chlorite or vermiculite. The problems associated
with vermiculite have been investigated by
Barshad (1948), who concluded that they were
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€ssentially micas with the K replaced by Mg or

Ca. He recognized four types; vermiculite as

described above; vermiculite-biotite mixtures;
vermiculite-chlorite mixtures; and biotite-

chlorite mixtures. By utilizing the base ex-
change capacity he could convert three of these
types to taiotites. The vermiculite-chlorite mix-
tures, however, while otherwise similar were not
so in this respect (Barshad 1948, pp. 675-677).

It is probable that the vermiculites described
here are vermiculite-chlorite mixtures, as they
are obviously derived from chlorites. The flakes

do not exfoliate appreciably when heated.

The common occurrence of vermiculite near
two pegmatites indicates that hydrothermal
action was involved in its genesis. Alternatively,
the hydrothermal action gave rise to chlorite
which, on weathering, was converted to vermi-
culite.

Talc and anthophylliie are hydrothermal
alteration products of the ultrabasic rocks.
Anthophyllite never appears to be in equi-
librium with the surrounding minerals, but
seems to be an intermediate product between
the unaltered rock and talc. This accords with
the findings of Bowen and Tuttle (1949, pp.
450-452). and Yoder (1952, pp. 609-614) who
considered that the stability field of anthophyl-
lite existed in a water-deficient region (a con-
dition which would be unlikely to obtain adja-
cent to a pegmatite during steatitization)

.

These minerals generally occur together, often
with clinochlore. Hydrous emanations from the
dolerite have resulted in very irregular masses
of inter-mixed talc and anthophyllite, which
may be roughly pseudomorphous after bronzite.
The pegmatites are responsible for larger masses
of talc sheathed in fine needles of antho-
phyllite. In such anthophyllite '7’ varies be-
tween 1.625 and 1.631, indicating approximately
95% of magnesian anthophyllite (Rabbitt 1948,

p. 295).

It is interesting to note that serpentinization
of amphibcles has not been found in rocks con-
taining significant proportions of talc.

Talc is the most silicified magnesian silicate

found, being the last member of series which
might be written:

—

forsterite —enstatite —anthophyllite —talc

At Nunyle, talc appears to be the only member
of that series capable of coexisting with quartz
and its association with anthophyllite is an
expression of silica deficiency in the rocks.

Rock Facies*

Three equilibrium mineral assemblages can
be recognized: these are;

Olivine 1

Bronzite 1' ^ Bronzite peridotite

Spinel I

Hornblende = Hornblendite

Antigorite ]

Magnetite \ = Serpentinite
Chlorite

I

The word facies is used here to express an environment
in which the most important variables are temper-
ature and composition.

The percentage of minerals belonging to each
assemblage for every specimen examined (speci-

mens with abundant talc and anthophyllite have
been excluded), has been computed and the re-
sults plotted (Figure 5). Thus two hornblendites
and seven serpentinites are the only rocks con-
taining minerals all of which belong to a single
assemblage. The remaining points represent
specimens containing mixtures of the three as-
semblages.

A quick examination of Figure 5 shows that
rocks are likely to occur with mixtures of the
three assemblages in all proportions. The
majority of the rocks, however, have a ratio ap-
proaching hornblendite : bronzite peridotite

1 : 4. The subdivisions within the triangle
divide the rocks into those described as bronzite
peridotites, serpentinites and hornblendic
bronzite peridotites respectively.

The minerals of the bronzite peridotite
assemblage evidently represent the facies which
obtained during the intrusion. All the minerals
are more or less altered so that no bronzite
peridotites remain, which do not show the
effects of serpentinization, regional metamor-
phism, or more commonly, both. This assembl-
age is important for it is the parent of both
the hornblendites and the serpentinites.

The hornblendites probably represent the
metamorphic facies of regional metamorphism.
All other minerals appear to have been absorbed
into the hornblende, which has a composition
near to tremolite. The effects of regional
metamorphism are naturally very noticeable
near the contacts with the country rocks, for
in the centre of the ultrabasic mass hornblende
comprises less than 10 per cent, of the rock,
whereas within one hundred feet of the margins
hornblende commonly makes up more than 40
per cent, of the rock.

The serpentinites could have represented the
green schist metamorphic facies of Turner and
Verhoogen (1951, p. 472). Chrysotile was un-
stable under the regional metamorphism, out
chrysotile and magnetite must have been stable
minerals during serpentinization. There are

HORNBLENDITE

Pig. 5,
—*'Rock Facies” diagram.
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cu’taln reactions between chlorites and talc

Within this assemblage, but these are only ad-
justments of chemical compositions and not
changes of mineral types.

All these assemblages are of the same parent-
age and the minerals of all of them may be

found today, often within a single specimen.
Therefore, while pressure and temperature con-
ditions might have favoured various assemblages
from time to time, only in certain localities were
the reactions completed, and the equilibrium

assemblages attained. To explain the reason
foi this failui’e, let each facies be represented by

the characteristic mineral, say enstatite, ti*e-

molite. and antigorite. The formulae of these,

calculated to constant MgO, are: —
ISMgO 15SiOy (enstatite)

ISMgO 24S10:. 3 H2O 6CaO (treinolitei

15MgO 10SiO2 IOH 2O (antigorite)

From this it is apparent that there can be no
change of assemblage without the requisite

chemical conditions. Also, a rock of one bulk

composition is not represented in another facies

by a rock of the same bulk composition.

Lime, silica and water must have been avail-

able fcr the formation of hornblendites:

similarly water was required for serpentiniza-

tion. The details of these reactions are not

understood, but the general trends are clear.

Mention has been made above of the probability

of regional metamorphism being responsible for

the recrystallization of chrysotile to antigorite.

If so, then the absence of lime has inhibited

the formation of hornblende.
The relationship of serpentinization to

regional metamorphism is shown by the inter-

relations of antigorite and hornblende. In some
localities hornblende is partly serpentinized.

while elsewhere it appears to have grov/n at

the expense of antigorite. Thus, there is a

confusing picture cf penecontemporaneous ser-

pentinization and regional metamorphism.
If the bronzite peridotite was intruded during

legional metamorphism, abundant water in-

cluded in the "magma” would cause serpen-
tinization at temperatures below 500°C (Bowen
and Tuttle 1949, p. 453). Introduction of lime

at the margins could cause crystallization of

tremolile, while at the same time excess silica

from pegmatites would produce anthophyllite

and talc bodies. All these reactions could run
at temperatures of the order of 400 "C to

500 C and changes of pressure would have had
little effect on the mineral assemblages (Yoder
1952. p. 618). The remaining variable, the

chemical environment, has been the most sig-

niffcant factor in determining th'-^ ’'^ck facies.

The existence of a partly open ..ystem. in

which dominant water produced serpentinites

and the presence of lime produced hornblendites.

has been demonstrated. At the same time the
degree of permeability of the system is expressed

by the abundance of hornblende near the
margins and its comparative rarity in some of

the central parts of the body.

Serpentinizaiion

Although the problem of serpentinization has
not been studied in detail, the following obser-

vations are relevant.

The origin of the serpentinizing fluids is con-
troversial. and in current literature there are
three general theories. First, the fluids formed
part of the magma: second, they were derived
from adjacent rocks (i.e. connate water from
sediments, or hydrous emanations from
granites): third, they were of supergene origin.
At Nunyle, the country rocks were already
partly metamorphosed at the time of the in-
trusion, and were gneisses and pyroxene-
bearing granulites. If the main period of meta-
morphism was after the intrusion, it is difficult

to imagine how some of the country rocks were
"upgraded” to hypersthene-bearing granulites.
while only small amounts of tremolite were pro-
duced in the ultrabasic body. It is therefore
considered that the bronzite peridotite was in-
truded into relatively anhydrous gneisses and
pyroxene-bearing granulites, which could not
have contained the water necessary for serpen-
tinization.

Serpentinization must have occurred at con-
siderable depth, as it preceded at least part of
the regional metamorphism, thus eliminating
the possibi’itv of supergene serpentinization.
The country ro».. could not have contributed
sufficient water so the remaining possibility is

that the fluids formed part of the "magma”.
Notwithstanding the work of Bowen and Tuttle
(1949, pp. 439-460), the existence of a magma,
which had the ccmposition of the primary peri-
dotite magma of Hess 0 938) is indicated by
field observations at Nunyle.

Hydrothermal Activity and Late Veins
The ultrabasic body has been considered in

terms of three distinct rock facies, each of which
is defined by a group of minerals. In this sec-
tion the veins and minor activities within the
body are considered.

The earliest vein found is the pyroxene-rich
vein (cf. specimen 39727). in which occurs the
last crystallization of anhydrous magnesian sili-

cates. This vein is considered to have formed
after the intrusion but before serpentinization,
as the vein is not dislocated by the intrusion,
and there is no relic antigorite included in the
pyroxene. A suggested origin for veins of this
type is given by Bowen and Tuttle (1949, p.
460). Water vapour saturated with SiOa mov-
ing through a fissure in dunite would convert the
wall rocks to pyroxenite, producing, in effect, a
dyke cf nyroxenite cutting dunite.

The ultrabasic rocks were then serpentinized
and metamorphosed. During the later stages of
metamorphism they were intruded by pegma-
tites which gave rise to the minerals anthophyl-
lite. talc and chlorite. The main chemical effect
of the pegmatites was the addition of silica prob-
ably with minor nuantities cf alumina.

The pegmatites are clearly post-serpentiniza-
tion. Magnetite grains, which mu.'^t have origin-
ated during serpentinization, have been cor-
roded by amphibe’es which crystallized during
the pegmatite intrusion. Later serpentinization
was probably on a very reduced scale.

Antigorite and magnetite-clinochlore veins ap-
pear to have been approximatelv contemporane-
ous. They are nrobablv the result of late adjust-
ments cf the solidified intrusion as is indicated



by the brecciated bronzite peridotite and the
small displacements along magnetite-clinochlore
veins. Regional metamorphism must have con-
tinued during the formation of these veins,

though they are later than the main period of
hornblende formation, and included amphibole
usually shows some serpentinization.

Chrysotile veins are the youngest structures
observed in the rocks, which accords with the
observations of Wilkinson (1953, p. 309). They
consist of cross-fibre chrysotile and are there-
fore more recent than the regional metamor-
phism. The majority of the narrower veins are
uniform, but the wider ones may show variation
in birefringence in zones parallel to the vein.

Anthophyllite-chlorite and anthophyllite-talc-
chlorite veins are found in several localities. In
each case there is a close field relationship with
a dolerite dyke, and at 019240 the minerals talc

and clinochlore occur in joints abutting an inch-
thick dolerite. Since these veins are generally
extremely thin and may be some distance from
their parent dolerite, it is considered that the
formation of anthophyllite, talc and chlorite

must have occurred at relatively low tempera-
tures. The minerals in the veins described here
are characteristically anhedral and form only
partial replacements of bronzite peridotite.

whereas pegmatite activity generally altered the
mineralogy extensively.

Calcium metasomatism related to the dolerite

intrusion has converted some of the ultrabasic

rocks to rodingites. This will be described below
under the heading: The Rodingite Suite. No
magnesite or chalcedony has been found in the
area mapped.

Evolution of the Ultrabasic Body
The history of the ultrabasic body is out-

lined in Table II. Certain age relations could
not be determined: for instance the chrysotile

veins are clearly later than the regional meta-
morphism but their inter-relations with the
dolerite have not been observed. Similarly a
number of substages in regional metamorphism
cannot be placed with certainty in chronological
order. Chrysotile could not persist during
regional metamorphism, and thus the end of

regional metamorphism is placed at the last

appearance of antigorite.

The Rodingite Suite

Petrography

Along the western edge of the ultrabasic
mass, rocks are found composed of the minerals
garnet, prehnite, clinozoisite, diopside and
chlorite, which are the characteristic minerals
of “rodingites”. They are essentially lime-rich
ultrabasic rocks and have the outstanding
characteristic of light colour and relatively high
specific gravity (c. 3.0-3.5). None of these rocks
have been found in place or in solid outcrop and
in two cases specimens were collected from stone
heaps which had been made by farmers to
facilitate cultivation. Therefore the locations
given for specimens serve only to indicate their
general positions. The apparent field distri-

bution is along the contact of the ultrabasic
mass with the gneisses; however, as the ground
slopes upwards to the dolerite dyke only about
100 feet to the east rodingite boulders could
have moved to their present positions from the

TABLE II

Time sequence in the ultrabasic body

St;iy:e

I

l-*rodnct Kvidctice of Kelative .\ge

1 .
“ ^[a«ma ” K<^'iiesis dunitic “ magma"

2. of ” maj?ma "
. bronzite porpliyroblasts

I

Olivine is idiomuf]ihic towards bronzite ;

platy orientation of bronzite shows it is

])re-intrusion

Iiitnision lenti<‘ular mass of bronzite peridotite ... I tratisgressive contacts with country rocks

4. Purther silk'itieation of intriHion ... pyroxene-rich veins .. ... .... . . I

I

])yroxeue vein would have been dislocateii
' during intrusion, lienee it is post intrusion

'}. SerpentJuizatioii and regional nietamoi'phisin

(1'herinal inetainorpiiisni) .... ...
,

(

( HotnbkMidizatiuu)

(I’egmatite intrusion)

e^iljustments in consolidated i)r(uizite-peri-

tlotite)

(Late serpentinization)

inesh-textured chrysotile, and magnetite I

:

mesh-textured antigorite ....

hornblendic bronzite ]»eri<lotite

talc anthophyllite and chlorite, also honi-
biendites

brecciated In'onzitc j)eridotite ; antigorite

and magnetite-clinochlore A’eins

serpentinized hornl)lende

I

initial serpentinization process

probably contemporaneons witli hornlilemle
formation

;
corroded magnetite grains indicate pi»st-

serpentinizatioii

hornblende occurs in the fragments, but nol

in the groundinass of the breccia : dis-

placements along the veins have de-

stroyed mesh texture

serpentine mineral appears to be antigorltic.

therefore it was formed during regional

metamorphism

r>. Dolerite intrusion (liydrothermal activity
ami ( a nietasomatism)

Late veining . . . .

talc, anthophyllite and clinochlore ; also

rodiiigite.H

ciirysotile veins

Dolerite intrusion was clearly ))ost regional

metamorphism

persistent chrysotile probably post regioiifl!

metamorpliism
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contact of the dolerite. Alternatively, the'

rodingites could have originated in the inter-
vening ultrabasic material between the dolei'itc
and the gneisses.

Garnet rodmgite. —Specimen 39773 was found
at 005108 in mixed float consisting of dolerite.
pegmatite and weathered bronzite peridotite. No
other rocks of this type have been found. The
specimen is about 12" by 9" by 5": at one cud
it is a uniform dark greenish rock of uneven
liardness and from this it grades through a
blotchy green, pink and white sugary rock to a
dense, white, fine-grained “cherty" rock at the
other end-

The dark greenish rock is composed o± sub-
I'ound gariiets in a chloritic groundmass. The
garnet is in discrete colourless grains up to 3
mmin diameter, and in granular masses: it is
weakly birefringent and makes up about 50 h
of the rock. Flakes of chlorite (pycnochlorite'
'approx. 40%) 0.5 mmby 0.1 mmfill most of
the interstices between the grains of garnet.
Irregular grains of diopside ^approx. 10%) are
distributed throughout the chloritic ground-
mass. Chromite is present as rare euhedra oi-
irregular translucent brown grains up to 0.1mm in diameter.

The blotchy green, pink and white sugary
i-ock is similar but contains only about 20
of chlorite, the pink colour being due to ii'on
stains. The “cherty” rock is a fine-grained
mass of nearly pure garnet ( grossularite ) . This
mass of garnet is traversed by yellow veins
of diopside up to 1 mm wide. Also in the
cherty rock are rare dark brown grains of allaii-
ite. Deep red iron staining is common in radi-
ating cracks surrounding the allanite grains.
The garnet adjacent to the allanite is noticeably
more birefringent than that elsewhere

Prehnite rodingite. —Specimen 39774 was col-
lected from a stone heap at 005106. It is dense-
white. "cherty”, and of uniform hardness.
Prehnite with its inclusions constitutes more
than 90';^ of the rock and occurs in three ways:
first as subhedral crystals, averaging 0.7 mm
by 0.4 mmwith curved fractures and abundant
minute inclusions of high refractive index

;

second as clearer equant grains with coarse
sutured contacts, which are up to 0.3 mm in
diameter, and are arranged in more or less
continuous strings; third as apparently form-
less masses with mottled interference colours
Examination of this material in suitable im-
mersion oils revealed fine grains, averaging 0.05mm in diameter which have sutured contacts
with a material of much higher refractive in-
dex. This materia] has n 1.70 approx, and is
probably zoisite. The remainder of the rock is
made up of subhedral diopside prisms averaging
about 0.4 mmin length.

Clinozoisite-diopside rodingite. —Several bould-
ers of the clinozoisite-diopside rodingite where
found at the contact of the ultrabasic racks with
the country rocks at 015086. Specimen 39775
from this heap has a yellowish white ground-
mass enclosing sub-lenticular grey patches up to
3 mmin diameter. The groundmass consists of
subhedral prisms of diopside up to 3 mmlong.

which are altered to clinozoisite and epidote
around the margins. The grey patches are
crystals of clinozoisite, which are up to 3 mm
long, have simple twins on 001 and on 100 and
are strongly zoned. Associated with the clino-
zoisite are veins composed of fine equant
granules of epidote in a chloritic groundmass.
The veins are about 1 mmwide and comprise
5S of the rock.

Diopside-prehnite rodingite. —Specimen 39776
was collected from the creek bed 100 feet west
and 2,300 feet north of the south-west corner of
the area. It is mottled grey with black spots
and is traversed by numerous sub-parallel veins,
up to 5 mm wide, of transversely oriented
actinclite. Examination of the thin section with
the naked eye and comparison with thin sections
of bronzite peridotite shows a remarkable simi-
larity in texture. Bronzite porphyroblasts have
been replaced by clear prehnite grains with
zoisite inclusions and the antigoritic groundmass
has been replaced by murky prehnite with abun-
dant fine inclusions and anhedral prisms of
diopside. The diopside is commonly altered to
amphibole or chlorite. Unfortunately, none of
the original minerals of the bronzite peridotite
remain. The texture however is unmistakeable.
This particular rodingite is an altered bronzite
peridotite.

Petrogenesis

The rodingite suite conforms to the chemical
and mineralogical reouirements of the rocks de-
scribed by Marshall (1911. pp. 31-35), except in
the presence of zoisite. The frequent occurrence
of zoisite in rocks of this tyoe was recognized
by Grange (1927, p. 162).

In 1927 Grange reviewed the previous work
rn redingites. and concluded that they were
formed by the garnetization of gabbros. Grange
considered that prehnite and grossularite were
secondary after feldspar, but direct evidence that
garnet formed after feldspar was not available:
serpentinization of diallage was suggested as a
ccurce of lime and silica for these reactions.

Similar recks have been described by various
authors including Miles (1951) and Baker (1957).

The association of rodingites with ultrabasic
rocks requires that ultrabasic rocks play an es-
sential role in their formation. The present
author considers that garnetization of gabbros is
inadequate tc explain the origin of the rodingites
described here.

The rodingites from Nunyle show no relic gab-
broic textures, but specimen 39776 has a texture
derived from the bronzite peridotite, and speci-
nien 39773 shows the association cf garnet rodin-
gite with a chloritic rock. These recks are the
result of alteration of ultrabasic rocks, and not
of gabbros. Furthermore the serpentinization of
calcic pyroxene cannot be invoked as a source
of lime, since lime-rich minerals are not present
in the bronzite peridotite.

The probable mode of formation of these
rodingites therefore appears to be lime and alu-
mina metasomatism of bronzite peridotites. Con-
sidering serpentine as the original mineral, the
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constituents of the rodingite suite could be de-
rived as follows:

—

1. 2H20.3Mg0.2Si02 (serpentine! -I- 3CaO +
4SiO-i ^ 3 (Ca0.Mg0.2SiO2> (diopside> +
2H2O.

2. 2H-20.3Mg0.2Si0-2 (serpentine) + 3CaO +
Al^Oa + Si02 SCaO.Al^O.jSSiO^ (grossu-
larite) + 2H2O + 3MgO.

3. 2(2H20.3Mg0.2Si02> (serpentine) + 6CaO
+ 5Si02 + 3AI 2O3 = 3(2Ca0.Al203.3Si02.
H2O) (prehnite) + H2O + 6MgO.

4. 4(Ca0.Mg0.2Si02) (diopside) -h 3Al20.-i +
HjO “ 4Ca0.3Al20;}.6Si02.H20 (clinozoisite)

+ 2 S1O2 + 4MgO.
The reactions involve addition of lime, silica,

alumina and water, and the removal of water,
magnesia and silica. The removed oxides could
be represented by the actinolite veins in speci-
men 39776.

The equations 1, 2 and 4 appear to be petro-
graphically sound. Equation 3 is not supported by
the petrography and prehnite is more probably
derived by means of a two-stage reaction with
either intermediate diopside or grossularite.
The formation of prehnite by the decomposition
of grossularite was recognized by Marshall
(1911, p. 34), though it is probable that the
prehnite. which is pseudomorphous after bron-
zite, was formed in some other manner.

The source of the metasomatic fluids was
certainly neither the ultrabasic rocks nor the
pegmatites but probably the quartz dolerite
dykes which contain abundant alumina and
lime. However, there are two difficulties con-
nected with such a source; first, hydrothermal
action clearly connected with the dolerite has
given rise to talc and anthophyllite; second,
the later stages of dolerite intrusion were sodic
rather than calcic. Nevertheless, the present
author considers that this rodingite suite is the
product of fluids derived from the dolerite dyke
acting on the bronzite peridotite.

The Country Rocks
IniroAuction

The country rocks in the area studied con-
sist of gneisses, quartzites and basic granulites.

There are not granite batholiths in the imme-
diate vicinity, though in places the gneisses are
intruded by narrow dioritic dykes, which are a
few feet wide.

Gneisses make up most of the rocks in the
district and vary from almost massive to

strongly foliated and lineated. Half a mile to
the east and west of the ultrabasic body the
trends in the gneisses are remarkably uniform
and the dip is steep to the east. To the south
of the area the trends are disturbed by an
east-west trending fault or shear zone along
which the northern block appears to have moved
east. Outcrops of gneiss are fair on the hill

slopes and excellent in the creek beds.
The quartzites occupy a north-south strip

of country which varies from 300 feet wide to
600 feet depending on the dip and other struc-
tural features. They are generally coarse-
grained and in the north-west corner of the
area, euhedral quartz crystals, up to 6" in
length, are common. Foliation and lineation
are well-developed in the quartzite except

where they are obscured by the very coarse
grain-size. No cross-bedding, ripple marks or
other primary sedimentary structures have been
observed in the area. The quartzite probably
had rather impure bands which gave rise to
garnetiferous quartzite; this rock has only been
seen on talus slopes and its stratigraphic loca-
tion within the quartzite is unknown. Lenses
or bands of basic granulites occur within the
quartzite. Benches and belts of red soil trav-
ersing the quartzite indicate that these are
common, but proof in the form of solid out-
crops is seldom available. Outcrops of quartzite
are good, constituting the highest features in
the area.

The basic granulites appear as lenses and
boudins in the gneiss and quartzite, and are
generally of the order of 10 to 20 feet wide.
Outcrops are only fair except in the creek beds,
whez’e boudin structures are well-developed and
original beds may be traced as strings of discrete
boudins. It is probable that the basic granu-
lites occur everywhere as boudins and lenses,
and no continuous bands remain, but the gen-
eral paucity of outcrop of this rock type makes
this uncertain. Foliation is not well-developed
but lineation is evident on close examination,
in hand specimen. The basic granulites have
been studied in detail as they are the best
metamorphic facies indicators in the area.

Metamorphic Facies

Recognition of the grade of metamorphism
is generally dependant on the presence of a diag-
nostic mineral assemblage and at Nunyle such
assemblages are rare, so that no conclusion
has been reached regarding the exact meta-
morphic gi'ade of the country rocks at the time
the bronzite peridotite was intruded. In the
absence of diagnostic assemblages, a study of
all the assemblages in the country rocks has
indicated a definite trend in the metamorphism
of the area.

Seven mineral assemblages occur in the coun-
try rocks:

1 . Hypersthene-andesine-hornblende.
2. Diopside-andesine-hornblende.

3. Microcline-oligoclase-biotite-quartz.

4. Quartz-muscovite.

5. Oligoclase-hornblende-biotite.

6. Chlorite-muscovite-epidote-actinolite.

7. Saussurite-hornblende-quartz.

Of these, the first four evidently represent the
metamorphic facies prior to the intrusion of the
bronzite peridotite. Granoblastic textures, with
little or no sign of corrosion occur in rocks con-
taining these assemblages. Assemblages 3 and
4 have no diagnostic value, but 1 and 2 indicate
high amphibolite or granulite facies. Abundant
greenish yellow hornblende may be due to P-
or (OH)- in the rock inhibiting the develop-
ment of more than one type of pyroxene and
so masking the exact facies assemblage.

Assemblage 5 has resulted from down-grading
of 1 and 2. The hornblende is green contain-
ing small blebs of quartz and is characteristic-
ally coarser in grain-size than the greenish
yellow hornblende in assemblages 1 and 2.
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Assemblage 6 is of the lowest metamorphic
grade and occurs only in a shear zone, which
passes through 118063. The temperature had
fallen before the shearing, so that the rocks
within the zone have recorded the intensified
retrogressive metamorphism.

Assemblage 7 has resulted from saussuritiza-
tion adjacent to the dolerite dyke at 012233.
A similar assemblage of hornblende-saussurite-
chlorite is partly developed at 194063.

The highest metamorphic grade was attained
some time before the intrusion of the bronzite
peridotite, when all the basic rocks contained
pyroxene. The temperature fell prior to the
bronzite peridotite intrusion so that at the time
of the intrusion, where there was differential
movement and possibly the introduction of OH-.
pyroxene-andesine-hornblende recrystallized to
oligoclase-hornblende (which may represent low
amphibolite facies). Shearing took place at
still lower temperatures producing low grade
rocks in I'estricted loci. Minor subsequent
alteration has been caused throughout all the
country rocks by fluids which accompanied the
dolerite intrusion.

Petrogenesis

All of these rocks have been completely re-
crystallized, and. with the exception of bedding,
no primary structures are preserved. The bulk
composition has probably not altered greatly,
except in the addition of alkalies to the gneiss.

The gneisses and quartzite are lineated,
bedded and appear to be conformable.

The origin of the basic granulites has been
clearly demonstrated by Prider (1944, p. 121 ),

who described and analysed rocks similar to
those at Nunyle. Originally these were tholei-
itic flows or sills which recrystallized to form
pyroxene-andesine-hornblende granulites, some
of which were later altered to oligoclase-horn-
blende granulites. During this alteration there
was no significant change in the bulk compo-
sition.

At Nunyle the alteration to oligoclase-horn-
blende granulites has only occurred in critical
localities where there have been structural ad-
justments with attendant rock flowage.

Summary and Economic Considerations

The rocks at Nunyle consist of gneisses,
quartzites and interbedded pyroxene-andesine-
hornblende granulites. similar to those of the
Jimperding “Series” described elsewhere. They
have been developed by metamorphism accom-
panied by regional folding, of the original sand-
stones, sandy claystones and tholeiitic sills or
flows.

After the main period of folding the bronzite
peridotite was injected. During the intrusion,
gneiss and basic granulites were mobilized in
certain critical localities, with the result that
some of the pyroxene-andesine-hornblende
granulites were converted to oligoclase-horn-
blende granulites. At the same time there was
further folding of the quartzite.

Intrusion of pegmatite dykes followed the con-
solidation of the bronzite peridotite. Emana-

tions from these produced talc, anthophyllite-
and clinochlore in the ultrabasic mass.

The rocks were subsequently intruded by
dolerite dykes, which caused epidotization in the
country rocks and minor hydrothermal altera-
tion in the ultrabasic mass, and were probably
also responsible for the formation of the
rodingites.

The high Mg/Fe ratio and lack of associated
gabbro place the Nunyle bronzite peridotite in
the class of alpine type serpentinites. Alpine
type serpentinites rarely carry metallic mineral-
ization but may be favourable loci for chrysotile
asbestos deposits. As only moderate thermal
metamorphism will cause alteration of chryso-
tile to antigorite Archaean deposits are not likely
to have survived. It would be interesting to
know if the late chrysotile veins have formed
as a result of continued serpentinization of
high temperature silicates or by solution of
antigorite and redeposition of chrysotile.

In the past by far the greatest production of
chrysotile has come from rocks of post-Archaean
age but there are significant producing mines
situated within the shield areas. The ultrabasic
mass at Nunyle is small and contains a very
low percentage of chrysotile. Other serpentin-
ites of similar age will certainly be found in
the district as geological mapping proceeds and
it is possible that one of these may prove to be
of economic interest.
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